Long term planning for flood risk management in coastal areas requires timely and reliable information on changes in land and sea levels. A high resolution map of current changes in land levels in the London and Thames estuary area has been generated by satellite-based persistent scatterer interferometry (PSI), aligned to absolute gravity (AG) and global positioning system (GPS) measurements. This map has been qualitatively validated by geological interpretation, which demonstrates a variety of controlling influences on the rates of land level change, ranging from near-surface to deep-seated mechanisms and from less than a decade to more than 100,000 years' duration.
Introduction
The general pattern of relative sea-level change around Britain has long been recognised from landforms such as raised beaches in Scotland and Wales, and 'submerged forests' and 'drowned' river valleys in southern England (Shennan, 1989) . Typically, these are a consequence of changes in both absolute sea level and absolute land level, relative to the geoid. Latterly, it has been possible to estimate rates of land level change during the late Quaternary. Broadly speaking, such estimates have been based either on mathematical models of crustal behaviour, specifically glacio-isostatic adjustment (GIA), such as those of Peltier et al. (2002) and Bradley et al. (2011) , or on the interpretation of radiometrically-dated horizons in late Quaternary coastal sedimentary sequences (Shennan, 1989; Shennan and Horton, 2002; Shennan et al., 2006; Gehrels, 2010) .
Comparison of continuous global positioning system (CGPS) measurements of present-day absolute crustal motion with modelled predictions of GIA in the British Isles (comprising the UK and Ireland) show that the vertical elements of motion are highly correlated, implying that GIA (here related principally to the British ice-sheet) is the dominant process controlling absolute uplift and subsidence ). The GIA model of Bradley et al. (2011) predicts uplift of more than 0.8 mm a -1 in central Scotland, and subsidence of between 0.6 and 0.8 mm a -1 in most of southern and eastern England. Other GIA models find a similar pattern of land level change, but with different rates reflecting the different models of past ice distribution and of visco-elastic behaviour in the Earth's crust (Peltier et al., 2002; , and references therein).
The geologically-based studies show a generally similar pattern of uplift in Scotland and northern England and subsidence in southern Britain, although this variation is relative to sea level. Maximum rates of uplift, of 2.0 mm a -1 , are found in western Scotland, varying to subsidence of as much as 1 mm a -1 in Essex and maximum subsidence of 1.5 mm a -1 in western Ireland Gehrels, 2010) . However, such determinations of local sea level change are commonly based on data from several localities at some distance from each other, the rates of change are typically non-linear, and, as pointed out by Gehrels (2010) , late Holocene sea level curves for the British Isles are subject to various global, regional and local processes that can influence sea level change. These factors all present difficulties to the interpretation of geologically-based Holocene sea level curves as indicators of land level change at the present day.
These two methodologically independent approaches to this topic provide comparable results: they are, within their limitations, robust and successful (Bradley et al., 2011) . However, neither method provides a level of detail that is sufficient to demonstrate (A) the actual rate of absolute or relative land level change at the present time, or (B) how changes in land level might vary through the region, both of which are required for assessments for the long term planning of flood risk management, as along the Thames estuary. For example, local geological controls on spatial variation in the rates of present-day land level change have been found in the Venice area of north-east Italy (Tosi et al., 2009) , and in the Segura River Basin of south-east Spain (Tomas et al., 2011) .
includes the consequences of global climate change, which was found to be a rise of about 1 mm a -1 . The project also determined the absolute rate of land level change in the London and Thames estuary area. The relative rate of sea level change in the Thames estuary at the present time can thereby be separated into its two components. Relative rates of ground motion (as determined from geological observations) can be approximately compared with absolute rates of ground motion (determined by modelling or by instrumental observation) by allowing for this absolute rate of sea level change, although that rate will have changed through time.
On a national scale, the project involved the serial measurement of land levels by absolute gravity (AG) (Williams et al., 2001 ) and global positioning system (GPS) methods. For this project, requiring the measurement of millimetric changes in land level, two different approaches to the GPS data processing were used (Bingley et al., 2007; Teferle et al., 2009 ). On a regional scale, the project also used serial measurements from GPS, but in addition it included the determination of ground velocity for about 950,000 points using PSI (persistent scatterer interferometry) techniques. The PSI data were corrected using the AG/GPS determinations to provide a measure of absolute ground motion, relative to the geoid (Bingley et al., 2008) . This paper presents a geological interpretation of the AG/GPS-aligned PSI land level change data, demonstrating (A) that the PSI data is non-random, and so is a valuable tool for assessing patterns of modern ground movement, especially when aligned with measures of absolute ground movement, (B) local and regional patterns of ground movement and (C) probable mechanisms controlling those movement patterns.
Geological setting of London and the Thames estuary area
The geological setting of the London and Thames estuary area is described by Sumbler (1996) and Ellison et al. (2004) . It is dominated by the synformal London Basin, which is bounded to the north-west and to the south by the Chalk Group and by older Cretaceous formations (Fig. 1) . The main part of the London Basin is underlain by Palaeogene deposits, of which by far the most extensive is the London Clay Formation. That is underlain in turn by the Lambeth Group, also mostly composed of clay although with some sands and gravels, and by the Thanet Sand Formation, which is dominantly composed of silts and fine-grained sands. The London Clay is locally overlain by sands of the Bracklesham Group, here represented by the Bagshot Formation.
These bedrock formations are extensively covered by a variety of superficial deposits of Quaternary age. On the higher parts of the Chiltern Hills and the North Downs, the Chalk is partly overlain by the clay-with-flints, a clay-rich remanié deposit largely derived from a previous cover of Palaeogene sediments. The southern limit of the Anglian ice sheet lies within the north of London, and much of the northern part of the study area is underlain by clay-rich till, with some glaciofluvial deposits. River terrace deposits are, however, the most widespread type of superficial deposit, forming discontinuous flights at various levels. The youngest terrace deposits, dating from the late Devensian, are partly covered by Holocene alluvial sediments laid down on the flood plains of the River Thames and its tributaries (Ellison et al., 2004) .
The natural land surface has been anthropogenically modified in various ways. Made ground is widespread, both in engineered embankments for transport routes, flood defence and so forth, and also as broad spreads within well-established urban areas. Much of central London, for example, is underlain by several metres of made ground. Mineral workings are fairly common, and in some cases have been infilled by waste. There are extensive areas of reclaimed land on either side of the Thames estuary, and in some cases the ground surface there has been artificially raised for development.
No seismic surveys of the geological basement in the London area are available, so its structure is revealed only by the regional geophysical fields, corroborated by the few boreholes that penetrate the base of the Cretaceous strata in this region (Ellison et al., 2004, fig. 2 ). Variations in the regional Bouguer gravity anomaly field in the London area largely relate to geological formations occurring beneath the Chalk Group, mostly of Palaeozoic or Proterozoic age. The gravity data were processed using standard techniques, such as gravity stripping, to enhance these variations (Aldiss et al., 2006) . The resulting map shows portions of three geological terranes within the pre-Mesozoic basement underlying the study area (Fig.  2) . (The regional magnetic map was also considered but was found to provide little additional useful information, in part because of incomplete coverage, and electrical interference from anthropogenic sources.)
The north-western part of the study area is underlain by the Midlands Microcraton, where Proterozoic rocks occur at relatively shallow depths, and which has been relatively tectonically stable during the Phanerozoic. Structural trends are complex. The north-eastern part of the area is underlain by a portion of a Caledonide fold belt, formed during midPalaeozoic times, in which the dominant structural trends are north-west to south-east. The southern part of the area includes the northern margin of a Variscan fold belt, formed in late Palaeozoic times. This terrane is represented by arcuate structural trends, oriented approximately east-west (Lee et al., 1993) . The Variscan fold belt was the site of basin subsidence during the Mesozoic and basin inversion during the Cenozoic, whereas the Midlands Microcraton and the Caledonide foldbelt (together forming the London Platform) remained relatively stable during that time. Note that the exact position of the northern margin of the Variscan fold belt, the Variscan Front, is uncertain, although the location shown in Fig. 2 has been shown to be plausible by Busby and Smith (2001) . Ellison et al. (2004) ascribe the area of the large gravity 'low' in the south of the study area (Fig. 2) to 'a zone of transition between the London Platform and the Variscan fold belt'. This gravity low is taken to mark a very thick sequence of post-Caledonide strata, probably of Devonian age. It is separated from the Midlands Microcraton by a zone of north-east to south-west trending basin margin faults, as indicated by linear features in the gravity field (Fig. 2) . This basin margin fault zone is likely to be quite complex at depth, becoming simpler upwards. Faults and folds seen in the bedrock under south-west London, including the Wimbledon and Greenwich faults and subparallel fault zones discussed elsewhere in this paper, formed by later movement in this structural zone.
The geological processes operating in and around the region that might influence current changes in land level were reviewed by Muir Wood (1990) and Bingley et al. (1999) . These processes are expected to include glacio-isostatic adjustment (GIA), tectonic processes, changing groundwater levels, natural compaction (especially of alluvial deposits), anthropogenic compaction due to loading, and movement of ground due to shrink-swell behaviour where Palaeogene-aged clays are at or close to the surface.
Determinations of changes in land level and vertical ground velocity
PSI is based on the analysis of synthetic aperture radar (SAR) reflections detected during multiple successive passes of a survey satellite. The corresponding phase measurements from two consecutive SAR images are used to create an interferogram, which can be related to the change in radar signal path length. Knowing the precise position of the satellite, this change can in turn be related to movements of the ground surface using Differential SAR Interferometry (DInSAR). PSI is a DInSAR technique that considers the phase differences in a series of SAR images for a specific area and selects pixels based on their phase stability through time: these pixels are referred to as 'Persistent Scatterer' (PS) points (Ferretti et al., 2000) . PS points correspond to stable, radar-reflective objects such as built structures or bare rock. In some cases, a specific reflector can be identified; but in most, not with certainty . The time series of measurements for each PS point over a period of some years is used to create a scatter graph of changing land level. A linear regression of this graph yields an average velocity for that point. A example of such a time series graph from the present study is shown as Figure 6 .1 by Bingley et al. (2007) , who note (p. 108) that 93% of these determinations of line-of-sight velocity have an uncertainty of ±0.25 mm a -1 or less. An example from other work is shown by Riedmann and Haynes (2007) .
The PSI technique, and its use to overcome some of the drawbacks of other kinds of DInSAR technique, and its accuracy in detecting sub-millimetric ground deformation, is described by (Ferretti et al., 2000 (Ferretti et al., , 2001 , Colesanti et al. (2003a) , (Colesanti et al., 2003b) and Crosetto et al. (2010) . Adam et al. (2009) discusses the validation of PSI data used by the Terrafirma project, a European Space Agency (ESA) project to provide a pan-European ground motion hazard information service.
For the study of the London and Thames estuary area, the area of interest was approximately 95 x 55 km in extent, aligned with the satellite track, centred just east of London (Fig. 1) . This area encompassed a network of three CGPS (continuously-measured GPS) and 12 EGPS (episodically-measured GPS) stations, established in 1997. A total of 60 descending ERS and ENVISAT SAR scenes (Track 51, Frame 2565) spanning nearly nine years (March 1997 to December 2005 were processed by Nigel Press Associates Ltd., to generate a dataset of about 950,000 PS points (Bingley et al., 2007; Bingley et al., 2008) .
AG, GPS and PSI combination
The advantage of PSI, compared with GPS, is that it provides excellent spatial coverage with a sufficient density of determinations to demonstrate local variation and to be analysed statistically. Also, the potential time span of the datasets is generally longer than for the GPS network, depending on the availability of suitable images in the ESA archives.
The major restriction of the PSI technique is that the determinations of ground velocity are relative to the master scene and a ground control point, whereas the GPS and AG techniques independently provide measurements in an absolute terrestrial frame of reference. Also, PSI measures the change in distance along the satellite 'line-of-sight': an additional processing step has to be applied to isolate the vector of vertical movement, or vertical ground velocity.
To overcome these restrictions, in this study the PSI determinations of ground velocity were aligned with the terrestrial frame of reference established by AG and GPS methods. The PS points within 300 m of each of the GPS stations were examined, bearing in mind the likely corresponding reflector and its relationship to the underlying geology -and so the possibility of differential movement between nearby PS points. This exercise enabled the calculation of a 'shift' factor of -0.66 mm a -1 to convert the line-of-sight velocity given for the PS points with respect to the reference scatterer, to AG/GPS-aligned PSI estimates of vertical ground velocity. This 'shift' was applied to each of the 950,000 PS points individually (Bingley et al., 2007; Bingley et al., 2008) .
The need for geological interpretation
The expected medium to long term changes in land level are very small (in the orders of 0.1 to 10 mm a -1 ) compared with short term changes such as earth body tides (typically several 10s of cm daily variation) (House, 1995; Wahr, 1995) , ocean tide loading (up to about 10 cm daily variation) (Baker et al., 1995) and ground movements due to shrinking and swelling of clay soils (up to about 5 cm seasonal variation) (Boyle et al., 2000; Teeuw, 2007) . Along with variations and uncertainties within the data collection and processing systems Ferretti et al., 2001) , it seemed possible, a priori, that the signal-to-noise ratio in the PSI dataset would be too small to be useful -or that the data processing might induce a spurious pattern of variation.
It was therefore important to subject the AG/GPS-aligned PSI estimates of vertical ground velocity (referred to simply as 'land level change data' hereafter) to geological interpretation. If it could be shown that variation in these land level change data can be correlated with geological phenomena, then this would demonstrate that the data (or at least some aspects of it) are 'real': the geological interpretation would be a means of independently validating the measurements in qualitative terms. The comparison of these data with the local geology would also serve to identify the vertical ground velocity characteristics of flood-prone areas: whether these are moving at the regional average rate, or not; and whether all flood-prone areas are moving at the same rate. Other PSI studies have been validated by use of multiple datasets or by comparison with GPS or ground-based levelling surveys (for example, Heleno et al., 2011 ) but these methods were not generally available during the present study.
The geological interpretation was also intended to identify the controlling mechanisms of vertical ground velocity variation, as a means of assessing likely future changes in land level. In doing so, it would then be possible to assess whether the rates of change determined for the duration of the project represent short-term or long-term trends. These aspects are relevant to planning for flood risk management. They also provide a further independent means of corroborating regional rates of ground movement determined by other methods.
Identification of 'domains' of approximately uniform land level change
Following alignment to the AG/GPS frame of reference, the values of vertical ground velocity determined for the 950,000 PS points ranged from -22.3 to +11.9 mm a -1 , where negative values indicate subsidence and positive values indicate uplift (Table 1 and Fig. 3 ). About 83% of all the PS points have a negative value, with 63% between 0 and -1.5 mm a -1 . The average change in land level for the area of interest was -0.80 mm a -1 , with a standard deviation of 0.89 mm a -1 , implying that 95% of the values lie between -2.56 and +0.98 mm a -1 . The rates of subsidence found by AG/GPS-aligned PSI are broadly consistent with terrestrial geodetic levelling that found that some sites in central London subsided by as much as 2 mm a -1 , relative to sea level, between 1932 and 1962, and that the difference in height between Sheerness and central London (Fig. 1) increased by 70 mm between 1829 and 1953, an average rate of change of about 0.6 mm a -1 (Kelsey, 1972 In order to better display the variations in the data, as shown in a map in which the individual data points have been plotted (Fig. 3 ), they were classified by intervals of 0.5 mm a -1 between +2 and -2 mm a -1 , and by intervals of 1 mm a -1 from +2 to +3 and from -2 to -3 mm a -1 . Values between -3 and -22 and between +3 and +12 mm a -1 were each classified as a single category, in order to suppress the graphical effects of outlying values, which tended to obscure the variations represented within the bulk of the data: only 1.6% of the data lies in these two extreme categories. Considering the observational and methodological uncertainties in the GPS, AG and PSI data, and the apparent noise level in the data itself, we feel that it is not possible to draw firm conclusions regarding changes in land level of less than about 0.5 mm a -1 magnitude. Although this estimate is not based on a systematic calculation of uncertainty, it is justified by the observations reported in this paper, which show clear spatial correlations between the larger variations in the PSI data and the various geological datasets, whereas the smaller variations are not obviously so correlated. However, it may be that some of the smaller variations in the PSI data, not interpreted for this study, are nevertheless significant.
It is clear from the data point plot (Fig. 3) that the average changes in land level are far from being evenly distributed, with one area having mainly undergone uplift, some areas having mainly undergone subsidence and some areas where there are roughly equal numbers of PS points indicating either uplift or subsidence. However, there is also some apparently random scatter throughout: for example, even the areas that are dominated by PS points with higher rates of negative vertical ground velocity have some PS points with very low negative vertical ground velocity, or with positive vertical ground velocity (net uplift).
For this study it was not meaningful (or feasible) to analyse the geological setting of all 950,000 PS points individually. In order to simplify the process of interpretation and also to help ensure that the data could be compared with the geological datasets in a reasonably consistent manner, a variety of data plots were inspected visually to identify 'domains' of approximately uniform characteristics of vertical ground velocity, and to note lineaments within the data distribution (Fig. 3B ). This is analogous to procedures used for the geological interpretation of more conventional types of satellite image, and of aerial photographs (Drury, 1993) , in which observed heterogeneities within the image are interpreted in terms of geological structures or processes.
To facilitate the identification of the domains, the data were plotted in several different ways, for example as point plots using only subsets excluding the median values, or using different colour ramps, or as inverse distance weighted (IDW) grids. Although these different plots tended to enhance different aspects of the distribution of vertical ground velocity, a consistent pattern emerged. It should be emphasised that this delineation of the domains and identification of the lineaments was, except very locally, undertaken without reference to the geoscience datasets with which they were subsequently compared. In a very few places, the domain boundaries were subsequently modified when considering some specific features at larger scales, but this was not done systematically.
The domains were ranked from 1 to 6 on the basis of their visual appearance, with individual areas within each rank given suffix letters to assist reference (Fig. 4) . Domains with the same rank represent similar vertical ground velocity data populations. This qualitative visual analysis was substantiated by computing the average value for the PS points within each domain, which showed that the variance and standard deviation of the populations within each domain ranked 1 to 5 are reasonably uniform (Fig. 4; Table 1 ). The domains ranked 6 are generally smaller and have greater variance.
From these data, it appears that the domains ranked 4, 5 and 6 have experienced subsidence, in general. Domains ranked 2 and 3 have, on the whole, also undergone subsidence, but these domains are of intermediate and mixed character, with some parts having undergone subsidence and some uplift. The average vertical ground velocity in Domain 1 is 0.34 mm a -1 (Fig. 4 and Table 1 ) and so it appears to have undergone slight uplift overall. However, the present authors do not feel confident in assigning meaning to differences in vertical ground velocity of less than about 0.5 mm a -1 . On this basis, it is therefore possible that, rather than uplifting, Domain 1 is actually stable or is very slowly subsiding overall.
Geological analysis and interpretation
The geological analysis was carried out by systematically comparing the vertical ground velocity domains inferred from the land level change data with a number of geological datasets, at various scales, in a geographic information system (GIS). Comparisons were made by visual inspection of an on-screen display.
In the main, point plots were used for the geological interpretation rather than gridded representations of the data. Although grids give a similar appearance to point plots when viewed at small scales (the effective scale of the whole dataset on a 19-inch computer screen is about 1:420,000), investigation of local detail at larger scales is not feasible with the gridded data due to the pixelation of the image. Also, in areas of low data density the apparent extent of extreme values tends to become exaggerated in grids. Conversely, in areas with a dense distribution of PS points, it was found that point plots could be usefully examined at scales as large as 1:20,000.
Geological maps
DiGMapGB-50, a digital representation of the 1:50,000 scale geological maps produced by the British Geological Survey, was used to examine correlations with near-surface geology. The geological information has been separated into themes that can be viewed individually or in combination within a GIS: pre-Quaternary formations (bedrock) cropping-out at rockhead; line symbols (including fault lines); superficial deposits (of Quaternary age); and artificially modified ground (chiefly made ground, such as embankments or landfill, and worked ground, such as engineered cuttings and quarries).
Much of the London area is underlain by Palaeogene clays of the London Clay Formation and the Lambeth Group (Fig. 1) , which typically are particularly susceptible to changes in volume with changing moisture content. This shrink-swell behaviour can give rise to vertical ground movements of up to 50 mm or more over quite wide areas (Boyle et al., 2000; Teeuw, 2007) , but the movement is reversible and can be observed to follow seasonal variation in precipitation (Bingley et al., 1999; Boyle et al., 2000) . The current project combined ground movement data from seasonal cycles over nine years. No clear correlation of the land level change data with clay formations -or with any other aspect of the bedrock geology mapcould be found. Nevertheless, it seems probable that much of the local variation (or 'noise') in the land level change data is caused by variations in ground movement on clay soils, reflecting the very complex distribution of factors that influence soil moisture content, such as surface sealing, proximity to trees, and leaking service pipes, as well as compositional variation in the clay-rich formations.
Linear discontinuities, trending north-east to south-west, are apparent in the distribution of average vertical ground velocity values (Figs. 3 and 4) . The relative abruptness of the change in average vertical ground velocity apparent at these lineaments suggests that they mark fault zones at a relatively shallow level, probably at rockhead. More diffuse changes would be expected to mark linear structures at deeper levels. Indeed, this may be the case in the north of the area, where the lineaments across London become less well-defined.
These lineaments are sub-parallel to the en echelon swarm of faults that has been mapped in south-west London: principally the Wimbledon, Streatham and Greenwich faults (Ellison et al., 2004) (Fig. 5) . Part of one extensive lineament is coincident with part of the Wimbledon Fault, which is downthrown on its south-east side. The width of the Thames floodplain increases markedly downstream of the same lineament, where it crosses the River Thames, as shown by the outcrop of the Holocene deposits (Fig. 5 ). This implies a sense of 'down to the south-east' motion, but that is contrary to the throw of the nearby Greenwich Fault, suggesting that additional sub-parallel faulting occurs north-west and north of the Greenwich Fault. An example of such faulting, forming the Plaistow Graben, was discovered during work for the Lea Valley tunnel and other major civil engineering projects (Mortimore et al., 2011, fig.14) . These correlations imply that some of the differential ground movement revealed by the land level change data has been accommodated by movement on near-surface tectonic structures, some of which (as noted below) extend from the tectonic basement.
The only correlation of the land level change data with the distribution of superficial deposits was found in Domains 5F, 6D, 5C and 6E, which coincide with extensive areas of alluvial or estuarine deposits adjacent to the rivers Lea, Thames and Medway (Fig. 5) . These Holocene deposits are compressible, and are susceptible to subsidence due either to autocompaction or to imposed loading (Paul and Barras, 1998) . Holocene deposits can also undergo significant shrinkage through desiccation of the topmost few metres of sediment. This can occur in areas where Holocene deposits have been protected from flood (Allen, 2000a) . Where Holocene deposits are most extensive and generally thick (typically between about 5 m and 20 m), there is a clear correlation with the areas found to be most prone to subsidence. Analogous results have been found in other studies, for example by Tomas et al. (2011) . The rates of subsidence in these domains are between 0.4 and 1.1 mm a -1 greater than on adjacent ground outside the Holocene outcrop (Fig. 4 and Table 1), differences that are comparable with compaction rates in Holocene sediments found elsewhere in England (Horton and Shennan, 2009 ).
In the upper parts of the river catchments, including the River Thames upstream of Domain 6D, where alluvium is less extensive and can be expected to be less than 5 m thick, in general, the Holocene deposits show essentially the same range and distribution of average velocity values as in the adjacent ground. Note that Domains 5A, 5B, 6A, 6B and 6C (Figs. 4 and 5) do not coincide with occurrences of Holocene deposits.
However, there are some anomalous areas of relatively slight subsidence (or apparent average uplift of up to about 1 mm a -1 ) that are within the Thames Holocene outcrop immediately adjacent to Domain 6D, and so which would be expected to have a similar average vertical ground velocity of about -2.0 mm a -1 . These areas occur where there is extensive building on made ground. The most notable coincide with the Dagenham motor works, mill buildings at Purfleet, and the Canning Town and Stratford areas near the mouth of the Lea Valley (Fig. 5) .
In general, these anomalous areas are now experiencing the same rate of ground movement as found in adjacent ground outside the alluvium. The most likely explanation of this phenomenon seems to be that the anomalous areas have been built on for relatively long periods (the main motor works at Dagenham was developed prior to 1938, for example), and so that the alluvium (and overlying made ground) has reached its effective limit of compaction. Similarly, Tomas et al. (2011) found a lower rate of subsidence inside the ancient city centre of Murcia, Spain, compared with that in the surrounding urban area.
Some small domains of rapid subsidence can be correlated with underground engineering works, rather than artificially modified ground or alluvium at the surface. For example, a linear zone of subsidence (Domain 6C), previously identified by Nigel Press Associates Ltd., coincides with part of the route of the Jubilee Line Extension underground railway, which was built between 1995 and 1999 (Figs. 4 and 5) (Burland et al., 2001; Standing and Burland, 2006; Teeuw, 2007, fig.5 ).
Long-term differential ground movement between Domain 1 and parts of domains 2A and 3B appear to be indicated by an anomaly in the path of the River Thames, and in the distribution of associated deposits. The River Thames flows generally eastwards from Bray to the North Sea across the Palaeogene outcrop in the London Basin, albeit on a meandering path (Figs. 1  and 6 ). Between Windsor and Chiswick, however, its course traces a broad loop that extends as much as 10 km south of the most direct line. There is no obvious feature in the nearsurface bedrock that accounts for this southwards loop. The area within this loop is underlain by broad outcrops of the Taplow Gravel and the Kempton Park Gravel, which form two of the youngest river terrace deposits of the Thames, that are mostly on the north bank. This relationship suggests that the difference in rates of ground movement between Domain 1 and the area to the south has persisted during deposition of these river terraces, so creating a local differential ground motion across which the River Thames has gradually been diverted southwards. The older, Taplow Gravel dates from more than about 150,000 years ago (Ellison et al., 2004) . In addition, the downstream limit of the Shepperton Gravel outcrop, which is the youngest terrace deposit, occurs within this southwards-deflected section of the River Thames. This is close to the boundary between Domains 2A and 3B, which marks a differential ground movement of about 0.5 mm a -1 (Figs. 4 and 6) . To the east, where the ground is subsiding faster, on average, the Shepperton Gravel is entirely sub-alluvial.
Groundwater level
Changes in groundwater level can be reflected in changes in local ground level. When water is extracted from the ground (for public water supply, for example), the ground surface tends to subside as the water table falls. If the water table recovers, then some uplift of the ground surface can be expected, but only by up to about 10 per cent of the subsidence (Freeze and Cherry, 1979 Agency, 1997 Agency, , 2006 (Fig. 7) .
The most striking correlation with the land level change occurs in the Merton area of southeast London, where groundwater levels were lowered by at least 30 m as a consequence of abstraction at public water supply boreholes. The largest drawdown in the water table is dta 7/1/13 4:27 PM Deleted: centred close to the Merton Abbey public water supply well, one of a number of sites in this part of the London area where water is abstracted from the Chalk at depths in excess of 70 m. Coincidentally, the Merton Abbey well had not been used since 1987 until pumping resumed in 1995 (Environment Agency, 1997). The area of depressed groundwater level around Merton coincides with an area of relatively greater subsidence (Domain 5A in Figs. 4, 5 and 7) . No other explanation for the existence of this domain has been identified, so it appears that groundwater abstraction has caused this domain to subside some 0.5 mm a -1 faster than the surrounding area (Fig. 4 and Table 1 ). This differential rate of subsidence is consistent with the shrinkage of the bedrock formations following the recorded local depression of the water table, as predicted by mathematical modelling (Bateson et al., 2009 ). The north-west edge of Domain 5A is coincident with the Wimbledon Fault (Fig. 6) . The north-west edge of the area of lowered groundwater is aligned with the same structure, and with the lineaments in the land level change data (Fig. 7) , although the low resolution of the groundwater level data does not necessarily reveal the true extent of the cone of depression. Nevertheless, it appears that fractures parallel to the Wimbledon Fault are exerting some control on groundwater movement (compare Donnelly, 2009) . PSI has been used to demonstrate subsidence related to groundwater abstraction in numerous other cities (Heleno et al., 2011; Tomas et al., 2011 , and references therein).
Large-scale dewatering of the Thanet Sand Formation associated with the construction of the Channel Tunnel Rail Link (CTRL) took place between Stratford and East Ham during -2004 (Woods, 2004 . The net groundwater lowering of between -5 and -10 m in this area (Fig. 7) is partly associated with this operation and partly with groundwater abstraction for public water supply at East Ham (Hamilton et al., 2008; Jones et al., 2012) . Domain 5B, in which the rate of subsidence is somewhat greater than in adjacent parts of Domain 4F (which has similar geology), appears to coincide with the south-eastern part of this zone of groundwater depression. The north-westerly extent of Domain 5B is close to a major lineament in average vertical ground velocity distribution, and so is likely to have been controlled by faults such as those forming the Plaistow Graben (Fig. 6) , in an analogous manner to that found in Domain 5A.
Basement structures
It is apparent from the foregoing that the smaller domains, which are ranked 5 and 6 (Fig. 4) , are controlled by processes acting locally at relatively shallow levels (within 100 m of the surface). If these domains are disregarded, then a more generalised pattern can be discerned, which is taken to approximate to the 'regional pattern' of average vertical ground velocity, delineated by 'generalised domains' G1 to G5 (compare Figs. 2 and 4) . Domain G1 appears to be near-stable or is undergoing slight uplift, on the whole, whereas domains G4 and G5 are subsiding. Ignoring local perturbations caused by near-surface processes, domains G2 and G3 could be experiencing slight subsidence, or neither subsidence nor uplift. This generalised pattern bears little apparent relation to 'near-surface' geology (Figs. 1 and 6) but can be correlated with elements of the deeper geological structure.
The generalised vertical ground velocity domains G1 and, to a lesser extent, G2 coincide with a gravity high within the Midlands Microcraton, in the west of the area (Fig. 2) . The southeast margin of Domains G2 and G3 lie parallel to major lineaments in the land level change data, to the Wimbledon Fault, and to the faulted south-east margin of the Midlands Microcraton (Figs. 2 and 5 ). This correlation implies that in the London area, current stability dta 7/1/13 4:33 PM Deleted: undergoing uplift dta 7/2/13 3:09 PM Deleted: isostatic or uplift is confined within the Midlands Microcraton, with the extent of differential movement between G3 and G4 (of about 0.5 mm a -1 ), being controlled by deep-seated tectonic structures. This differential movement is shown to be a long-term trend by the change in width of the Holocene outcrop alongside the River Thames (noted above) as it passes across the PSI data lineament close to the edge of the Midlands Microcraton (Fig. 5) . The northern part of the boundary between domains G3 and G4 has a northerly alignment, turning to lie approximately parallel to the margin of the Caledonide fold belt (Fig. 2) .
This interpretation is consistent with findings from a high resolution study of present-day land level change in the Venice coastal plain, north-eastern Italy, also based in part on PSI data. This study found significant spatial variability in land-level change, ranging from uplift of as much as 2 mm a -1 to subsidence of more than 10 mm a -1 . The sources of this local variability are thought to include structures in the pre-Quaternary basement at depths of more than 400 m below sea level (Tosi et al., 2009 ).
The cause of the stability (or uplift, if it is real) in Domain G1 and perhaps in G2 is not certain, especially as GIA modelling (Bradley et al., 2011) and geological observations Gehrels, 2010) both predict regional subsidence in south-east England. The coincidence of G1 with the centre of the gravity high implies a causative relationship. The gravity high indicates the presence of relatively dense rocks, relatively close to the surface. These are likely to be of Early Palaeozoic or Proterozoic age, forming a structural ridge between Late Palaeozoic basins to the north-east and south-west (Fig. 2) . The presence of this ridge implies a zone of relative tectonic stability, apparently enhanced at its south-eastern end by interaction with the faulted margin with the Devonian basin under south London. Occurrence of uplift in Domain G1 would suggest that the tectonic structures that formed the ridge are undergoing rejuvenated movement at the present time.
The south-eastern edge of generalised domain G4 is marked by a topographic lineament aligned with the Medway valley through the Chalk outcrop of the North Downs, and with part of the Essex coastline (Figs. 1, 2 and 5) . It approximately follows the margin of the large gravity low in the south of the study area, and other inflections in the gravity field, and so is presumed to mark a basement fault zone subparallel to that forming the south-east edge of the Midlands Microcraton (Fig. 2) . Geological evidence for differential movement in Essex parallel to this alignment was noted by Greensmith and Tucker (1980) and Bristow (1985) , and parallel structures in various parts of the London Basin were inferred by Wooldridge (1923) . South of the Thames estuary, the ground to the south-east of this lineament is mostly subsiding by at least 0.5 mm a -1 faster than that within Domain G4, a similar differential to that seen between Domains G3 and G4. This differential explains the contrast in rates of subsidence determined for the Canvey Island area (Domain 5C) and the Isle of Sheppey area (Domain 6E) (Fig. 4) , both extensively underlain by Holocene deposits. The north-eastern edge of Domain G4 follows the Caledonide structural trend (Fig. 2) .
The presence, location and extent of faults and folds in the London Basin area is difficult to determine by conventional geological mapping techniques, due to poor exposure, widespread superficial cover and the extensive outcrop of the London Clay, within which faults juxtapose essentially similar strata (Aldiss, in press.) . Numerous authors have inferred the presence of unmapped faults or monoclines in parts of the London Basin (Wooldridge and Linton, 1955; Muir Wood, 1990; Ellison et al., 2004) , Thames Estuary (Devoy, 1979) and Essex (Greensmith and Tucker, 1980; D'Olier, 1982; Bristow, 1985) from analysis of Palaeogene, Pleistocene or Holocene sequences, terrestrial geodetic surveys, or tide gauge records. To these techniques can now be added PSI analysis. The improved resolution of tectonic structures within the London Basin is currently being addressed by 3D geological modelling at the British Geological Survey (Ford et al., 2010) .
Ephemeral movements or long term patterns?
The ground movements discussed here were measured over a nine-year period in the recent past (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) . They are broadly consistent with rates of movement in this area inferred for the late Holocene Gehrels, 2010) but for the purposes of long-term flood risk management, and for interpretation of sea level change from some Holocene sequences, it is important to assess the rates of ground movement over decades and centuries. This can be addressed in the land level change data by considering the controlling mechanisms indicated by the geological interpretation.
Where no further natural sedimentation occurs, shrinkage of Holocene deposits due to compaction or desiccation can be expected to be effectively complete within tens to a few thousands of years, probably, depending on the thickness of the deposits and their composition (Paul and Barras, 1998; Allen, 2000b) . Formerly protected areas of Holocene deposits that become flooded, for example through managed retreat, can be expected to resume subsidence (or to continue to subside) due to increased loading by water and by newly deposited sediments.
Some of the more striking examples of subsidence demonstrated by the PSI data are over recently-constructed tunnels. Most such subsidence can be expected to occur during or shortly after construction, as indicated by subsidence monitoring studies (Mair et al., 1993; Burland et al., 2001 ).
The influence of groundwater abstraction can be demonstrated in some parts of London, locally increasing rates of subsidence by as much as 0.5 mm a -1 . Future subsidence rates related to groundwater abstraction should be in proportion to the rates at which the aquifer is drawn down. However, when abstraction rates reach a 'steady state' within the aquifer, with no further drawdown, then subsidence can be expected to cease, possibly with some time lag reflecting the rates of compaction of the materials that have been dewatered (Freeze and Cherry, 1979) . Subsidence due to groundwater withdrawal in the central part of the Venice district, for example, was quickly arrested following recovery of groundwater levels (Tosi et al., 2009 ). The regional changes in ground level in the Thames estuary area, of uplift, stability or very slow subsidence in the west and greater rates of subsidence towards the east and south-east, are attributed to deep-seated processes. They can be expected to continue at similar rates over thousands of years, assuming similar conditions. Some possible consequences of climate change, such as rising sea level and increasing river volume, would tend to increase the rates of subsidence in the east of the study area, while others, such as increased rates of erosion, might serve to increase rates of uplift in the west of the area.
The general tendency to regional subsidence in south-east England has been attributed to GIA (Gehrels, 2010) . However, the observed variation in the regional average vertical ground velocity within the study area (from about +0.3 mm a -1 to -1.5 mm a -1 over a lateral distance of 50 km), with differential movements of more than 0.5 mm a -1 occurring within a few kilometres across fault zones, demonstrates that isostatic movements are locally modified by basement structures. This indicates that the estimation of regional rates of sea level change by interpretation of Holocene sequences at different localities should take account of their position relative to basement structures. Local tectonic control may also influence the uplift rates observed in river terrace sequences.
Prior to our study, the adopted value for changes in land level for the London region was 0.7 to 0.9 mm a -1 relative subsidence, based on the geological studies of Shennan and Horton (2002) . These were modified to 0.9 to 1.0 mm a -1 by Gehrels (2010) . The values presented here, of between 0.9 and 2.1 mm a -1 absolute subsidence for the land along the Thames Estuary and River Thames (Fig. 4 and Table 1 ), significantly increase the range and rate of this value. Combining the regional average vertical ground velocity estimates with determinations of rates of sea-level rise shows that there has been a 1.8 to 3.2 mm a -1 rise in sea level with respect to the land along the Thames Estuary and River Thames over the past few decades / past century (Bingley et al., 2008) .
Conclusions
The geological interpretation of the AG/GPS-aligned PSI data presented here demonstrates that major variations in that data are not random and can be correlated with the operation of several geological processes, acting either locally or on a regional scale. These correlations serve to validate the AG/GPS-aligned PSI data: although the medium-to long-term rates of motion that they indicate are small compared with short-term variations in ground level, and considering the uncertainties in the underlying datasets, they appear to represent real variations.
In the London and Thames estuary area, AG/GPS-aligned PSI estimates of vertical ground velocity show that regional patterns of uplift and subsidence are controlled, to some extent, by deep-seated geological structures. There is also some local control by near-surface structures, such as the Wimbledon Fault. In places, there is a close relationship between subsidence following water abstraction, and lines of faulting.
Where Holocene deposits are extensive and thicker than about 5 m, the ground is generally prone to a greater rate of subsidence than found regionally, at rates of about -2 mm a -1 . In some areas, however, where thick Holocene deposits are overlain by old made ground, subsidence due to compression currently appears to be negligible and may have ceased. Groundwater abstraction and tunnelling can cause subsidence at a similar rate to that found within areas of Holocene deposits.
Parts of the study area, north-west of the Wimbledon Fault and its lateral extensions, are prone to uplift at about 0.3 mm a -1 or subsidence of less than about -0.7 mm/ year. A small area of apparent uplift is centred on a gravity 'high' within the Midlands Microcraton, presumably associated with a tectonically-controlled block of Proterozoic or Early Palaeozoic rocks. The remainder of the study area is prone to subsidence, mostly at average rates between about -0.9 and -1.5 mm a -1 , with a marked increase to the south-east of a east-northeast-west-south-west geophysical lineament passing through the North Downs along the Medway valley and inferred to mark basement structures. This increase is in addition to the rates of subsidence observed in the Holocene deposits, so that comparable areas of Holocene deposits are, in general, subsiding faster to the east of this 'Medway lineament' than to the west. dta 7/2/13 3:36 PM Deleted: U These findings broadly corroborate the determinations by Shennan and Horton (2002) and of Gehrels (2010) for the Thames estuary area, but show a significantly greater range of local variation. Future analysis of Quaternary land level change as shown by the geological record should, where possible, take account of the local tectonic structure and its potential controlling influence. It cannot be assumed that rates of land level change are uniform, or vary uniformly, over large areas of the United Kingdom.
None of these findings would have been possible without the satellite-based surveying technique of PSI. They were part of a project whose main conclusion on a regional scale is that there has been a 1.8 to 3.2 mm a -1 rise in sea level with respect to the land along the Thames Estuary and River Thames over the past few decades / past century, reflecting an absolute rise in sea level of about 1 mm a -1 (Bingley et al., 2007; Bingley et al., 2008) .
The consequences for the methodology of geological analysis of land level change and its geological interpretation were unforeseen. The AG/GPS-aligned PSI estimates of vertical ground velocity demonstrate a new level of understanding of local structural control that was not previously attainable.
The striking correlation between the ground velocity map and subsurface/basement geology in this area masked by urban cover raises the intriguing possibility of using PSInSAR to study or tie together deep geology patterns in other similarly masked areas, including those lacking regional geophysical data. 
